wO 2007/014206 A2 |10 T 0000 O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O T O 0 0

International Bureau

(43) International Publication Date
1 February 2007 (01.02.2007)

(10) International Publication Number

WO 2007/014206 A2

(51) International Patent Classification:
B01] 27/00 (2006.01)

(21) International Application Number:
PCT/US2006/028818

(22) International Filing Date: 25 July 2006 (25.07.2006)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
11/189,116 25 July 2005 (25.07.2005) US
(71) Applicant (for all designated States except US): SAUDI
BASIC INDUSTRIES CORPORATION [SA/SA]; P.o.

Box 5101, Riyadh, 11422 (SA).

(72) Inventors; and

(75) Inventors/Applicants (for US only): LIANG, Wugeng
[CN/US]; 2611 Sica Hollow Lane, Katy, TX 77494 (US).
STEVENSON, Scott, A. [US/US]; 19106 Waverdale
Court, Houston, TX 77094 (US). MCGUFFEY, Angie
[US/US]; 6618 Cypress Village, Sugar Land, TX 77479
(US). LINZER, Joseph, R. [US/US]; 5341 Town Park
Blvd., Katy, TX 77493 (US).

(74) Agent: WHEELINGTON, Jimmy; SABIC AMERICAS,

INC., SABIC TECHNOLOGY CENTER, 1600 Industrial

Blvd., Sugar Land, TX 77478 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HN, HR, HU, ID, IL,, IN, IS, JP,
KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS, LT,
LU, LV, LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA,
NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC,
SD, SE, SG, SK, SL, SM, SY, TJ, TM, TN, TR, TT, TZ,
UA, UG, US, UZ, VC, VN, ZA, 7ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, S, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(ii))

as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
without international search report and to be republished
upon receipt of that report

Fortwo-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: CATALYST FOR THE OXIDATION OF A MIXED ALDEHYDE FEEDSTOCK TO METHACRYLIC ACID AND
METHODS FOR MAKING AND USING SAME

(57) Abstract: A heteropolyacid catalyst for oxidation of isobutyraldehyde, methacrolein or mixtures or combinations thereof to
methacrylic acid is disclosed where the heteropolyacid catalyst includes at least molybdenum (Mo), phosphorus (P), vanadium (V),
and a first component including bismuth (Bi) and/or boron (B). The heteropolyacid catalyst can also optionally include a second
component including potassium (K), rubidium (Rb), cesium (Cs), and/or thallium (T1) and optionally a third component including
antimony (Sb), cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic
(As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lead (Pb), tin (Sn),
titanium (i), aluminum (Al), silicon (Si), tantalum (Ta), tungsten (W), and/or lanthanum (I.a). The heteropolyacid catalyst can also
include an ammonium-containing compound designed to increase a value of medium pores in the final heteropolyacid catalyst. A
method for oxidizing isobutanal to methacrylic acid using the heteropolyacid catalyst is also disclosed.



WO 2007/014206 PCT/US2006/028818

UNITED STATES PATENT APPLICATION

TITLE: CATALYST FOR THE OXIDATION OF A MIXED ALDEHYDE
FEEDSTOCK TO METHACRYLIC ACID AND METHODS FOR MAKING
AND USING SAME

INVENTOR: Wugeng Liang, Scott A. Stevenson, Angie McGuffey and Joseph R. Linzer

ASSIGNEE: SAUDI BASIC INDUSTRIES CORPORATION

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The present invention relates to a heteropolyacid catalyst including at least molybdenum
(Mo), phosphorus (P), vanadium (V), and a first component selected from the group consisting of
bismuth (Bi), boron (B) and mixtures or combinations thereof used in producing methacrylic acid
by the gas-phase catalytic oxidation of an aldehyde or a mixture of aldehydes, and methods for
making and using same.

[0002] More particularly, the present invention relates to a heteropolyacid catalyst including
molybdenum (Mo), phosphorus (P), vanadium (V), and a first component selected from the group
consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof, where the catalyst i‘s
adapted to produce methacrylic acid by the gas-phase catalytic oxidation of an aldehyde feedstock
including isobutanal (isobutyraldehyde) or isobutanal and methacrolein mixtures. The catalyst can
also include copper (Cu). The catalyst can also include a second component selected from the group
consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (T1), and mixtures or
combinations thereof. The catalyst can also include a third component selected from the group
consisting of antimony (Sb), cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr),
cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), germanium (Ge),
gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti),
aluminum (Al), silicon (Si), tantalum (Ta), tungsten (W), lanthanum (La), and mixtures or
combinations thereof. The invention also relates to methods for making and using same.

2. Description of the Related Art

[0003] Isobutanal (isobutyraldehyde) is an intermediate of a process for production of methacrylic
acid from propylene. Isobutyraldehyde is formed from the reaction of propylene, carbon monoxide

and hydrogen, then oxidation of isobutyraldehyde produces methacrylic acid.
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[0004] Isobutyraldehyde is also a by-product of 2-ethyl-hexanol production. In this process,
propylene is hydroformylated to a mixture of n-butanal (n-butyraldehdye) and isobutanal
(isobutyraldehyde). N-butanal is then converted to 2-ethyl-hexanol via base catalyzed oxidation and
hydrogenation. Isobutanal is left as a by-product.
[0005] Nippon Shokubai has several patents on isobutyraldehyde oxidation. In United States Patent
No. 4,558,028, a catalyst for the oxidation of isobutyraldehyde was disclosed having a formula
Mo ,P, 0oV, 4sCs; 0. In EP1,060,:792, a catalyst for the oxidation of isobutyraldehyde was disclosed
having Mo,,P, 43V, 45C 45Cs1 o-
[0006] In other patents such as Chinese Pat. No. 1047985A, United States Patent Nos. 5,153,162
and 5,618,974, arsenic was added as a catalytic component. However, such a toxic component
increases the risk of injury to humans and the environment during catalyst manufacturing and
handling. ‘
[0007] Although many éatalilsf?'s"%gr the oxidation of isobutyraldehyde to methacrylic acid have been
disclosed, there is still a need in the art for alternative highly active, less toxic catalysts for that
conversion, especially a catalyst capable of converting an aldehyde feedstock that may include
isobutanal alone or a mixture of isobutanal and methacrolein.

DEFINITIONS AND ABBREVIATIONS
[0008] The term IBA means isobutanal, sometimes also referred to as isobutyraldehyde.
[0009] The term MAC means methacrolein.
[0010] The term MAA means methacryclic acid.

[0011] The term T means temperature.
[0012] The term P means pressure.
[0013] The term HC means hydrocarbon.

[0014] The term aldehyde feedstock means a stream including mixtures of isobutanal and

methacrolein.

[0015] The term GC means gas chromatography.

[0016] The term FID means flame ionization detector of a GC.
[0017] The term h or hr or hrs means hours.

[0018] The term g means grams.

[0019] The term mL means milliliter.

[0020] The.term min or min. means minutes.
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[0021] The term wt% or wt.% means weight percent.
[0022] The term vol% or vol.% means volume percent.
[0023] The term DI water means deionized water.
[0024] The term pore volume distribution means a desired concentration of small pores, medium
pores and large pores. |
[0025] The term small pores means pores having a diameter D less than about 1004, i.e. ,D <100A.
[0026] The term medium pores ;heans pores having a diameter D greater than or equal to about 100A
and less than about 10004, i.e., 100A < D < 1000A.
[0027] The term large pore volume means pores having a diameter D greater than or equal to about
1000A, i.e., D > 1000A.

SUMMARY OF THE INVENTION

Catalysts

Me present invention provides a novel, highly active, heteropolyacid catalyst including at
least molybdenum (Mo), phosphorus (P), vanadium (V), and a first component selected from the
group consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof, where the catalyst
is capable of converting an aldehyde feedstock into methacrylic acid.

[0029] The present invention provides a novel, highly active, heteropolyacid catalyst including at
least molybdenum (Mo), phosphorus (P), vanadium (V), and a first component selected from the
group consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof, and a second
component selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),
thallium (T1), and mixtures or combinations thereof, where the catalyst is capable of converting an
aldehyde feedstock into methacrylic acid.

[0030] The present invention provides a novel, highly active, heteropolyacid catalyst including at
least molybdenum (Mo), phosphorus (P), vanadium (V), and a first component selected from the
group consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof, a second
component selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),
thallium (T1), and mixtures or combinations thereof and a third component selected from the group
consisting of antimony (Sb), cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr),
cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), germanium (Ge),
gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti),

aluminum (Al), silicon (Si), tantalum (Ta), tungsten (W), lanthanum (La), and mixtures or
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combinations, where the catalyst is capable of converting an aldehyde feedstock into methacrylic
acid.

[0031] The present invention provides a novel, highly active, heteropolyacid catalyst including at
least molybdenum (Mo), phosphorus (P), vanadium (V), copper (Cu) and a first component selected
from the group consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof, where
the catalyst is capable of converting an aldehyde feedstock into methacrylic acid.

[0032] The present invention p}ovides a novel, highly active, heteropolyacid catalyst including at
least molybdenum (Mo), phosphorus (P), vanadium (V), copper (Cu), a first component selected
from the group consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof and a
second component selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),
thallium (T1), and mixtures or combinations thereof, where the catalyst is capable of converting an
aldehyde feedstock into methacrylic acid.

[0033] The present invention provides a novel, highly active, heteropolyacid catalyst including at
least molybdenum (Mo), I;hosphorus (P), vanadium (V), copper (Cu), a first component selected
from the group consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof and a
third component selected from tﬁe group cousisting of antimony (Sb), cerium (Ce), niobium (Nb),
indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver
(Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lead
(Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), tungsten (W), lanthanum
(La), and mixtures or combinations, where the catalyst is capable of converting an aldehyde
feedstock into methacrylic acid.

[0034] The present invention provides a novel, highly active, heteropolyacid catalyst including at
least molybdenum (Mo), phosphorus (P), vanadium (V), copper (Cu), a first component selected
from the group consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof, a second
component selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),
thallium (T1), and mixtures or combinations thereof and a third component selected from the group
consisting of antimony (Sb), cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr),
cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), germanium (Ge),
gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti),
aluminum (Al), silicon (Si), tantalum (Ta), tungsten (W), lanthanum (La), and mixtures or

combinations, where the catalyst is capable of converting an aldehyde feedstock into methacrylic
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acid.

{0035]

The present invention also provides anovel, highly active catalyst for converting an aldehyde

feedstock into methacrylic acid, where the catalyst has the general formula:

where:

[0036]

Mo,,P,V,Cu,MI,MIL,MIILO, )

MI is selected from the group consisting of bismuth (Bi), boron (B) and mixtures or
combinations thereof, i

MII is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),
thallium (T1), and mixtures or combinations thereof,

MIII is selected from the group consisting of antimony (Sb), cerium (Ce), niobium (Nb),
indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic
(As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium
(Mg), barium (Ba), lead (Pb), tin (Sn), titanium (T1), aluminum (Al), silicon (Si), tantalum
(Ta), tungsten (W), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.1 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

¢ is a number having a value between about 0.0 and about 1.5,

d is a number having a value between about 0.01 and about 2.0 when MI is Bi, or a value
between about 0.01 and about 5.0 when MI is B, and when MI is both Bi and B, then d
includes between about 0.01 and about 2.0 of Bi and between about 0.01 and about 5.0 of
B’ .

e is a number having a value between about 0.0 and about 5.0, -

f is a number having a value between about 0.0 and about 5.0, and

g is a number having a value representing a sufficient number of oxygen atoms to balance
the oxidation state of the catalyst of formula ().

The present invention also provides anovel, highly active catalyst for converting an aldehyde

feedstock into methacrylic acid of the general formula:

where:

Mo,,P,V,Cu,Bi,, MIL,MIILO, (1)

MII is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (T1), and mixtures or combinations thereof,
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MIII is selected from the group consisting of antimony (Sb), cerium (Ce), niobium (Nb),
indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver
(Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lead
(Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), tungsten (W), lanthanum
(La), and mixtures or combinations thereof, ,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a \;élue between about 0.01 and about 5.0,

¢ is a number having a value between about 0.0 and about 1.5,

d1 is a number having a value between about 0.01 and about 2.0,

eisa numbér having a value between about 0.0 and about 5.0,

f is a number having a value between about 0.0 and about 5.0,

g is a number having a value representing a sufficient number of 0xygen atoms to balance
the oxidation state of the catalyst of formula (II).

[0037] The present invention also provides a novel, highly active catalyst for converting an aldehyde
feedstock to methacrylic acid of the general formula:

Mo,,P,V,Cu B ,MIIMIILO, (1o
where:

MII is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (T1), and mixtures or combinations thereof,

MIII is selected from the group consisting of antimony (Sb), cerium (Ce), niobium (Nb),

indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic

(As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium

(Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum

(Ta), tungsten (W), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

¢ is a number having a value between about 0.0 and about 1.5,

d2 is a number having a value between about 0.01 and about 5.0,

e is a number having a value between about 0.0 and about 5.0,

f is a number having a value between about 0.0 and about 5.0, and

g is-a number having a value representing a sufficient number of oxygen atoms to balance
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[0038]

the oxidation state of the catalyst of formula (III).

The present invention also provides a novel, highly active catalyst for converting an aldehyde

feedstock to methacrylic acid of the general formula:

where:

Mo,,P,V,Cu,Bi,B,,MILMIILO, )

MII is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),
thallium (T1), and mixtl;fes or combinations thereof,

MIII is selected from the group consisting of antimony (Sb), cerium (Ce), niobium (Nb),
indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic
(As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium
(Mg), barium (Ba), lead (Pb); tin (Sn), titanium (T1), aluminum (Al), silicon (Si), tantalum
(Ta), tungsten (W), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

¢ is a number having a value between about 0.0 and about 1.5,

d1 is a number having a value between about 0.01 and about 2.0,

d2 is a number having a value between about 0.01 and about 5.0,

e is a number having a value between about 0.0 and about 5.0,

f is a number having a value between about 0.0 and about 5.0, and
g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the catalyst of formula (IV).

Methods for Preparing Catalysts

[0039]

The present invention provides a method for preparing a novel, highly active catalyst for

converting an aldehyde feedstock to methacrylic acid. The references to moles used in describing

the preparation of the catalysts of this invention mean relative molar amounts, e.g., if 1 mole of

catalyst is being prepared, the catalyst will have moles of components such that the molar ratio of

molybdenum in the catalyst relative to the other components is 12. As another example, to make a

catalyst having the formula Mo,,P,V,Cu Biy, B, MIIMIIIO,, the number of moles of components

used during catalyst preparation will be in a molar ratio of 12:a:b:c:d1:d2:e:fig.

[0040]

The method includes the step of forming a first substantially solid free solution of 12 moles

of Mo (1 mole of Mo,,), a moles of P and b moles of V. If Bi is present in the catalyst, then a second
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substantially solid-free solution containing d1 moles of Bi is prepared and the two solutions are then
mixed to form a slurry. Ifthe éatalyst does not include Bi but B, then the solution is heated to 95°C
and d2 moles of B are added to the solution. Ifthe catalyst includes e moles of a second component
selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (T1), and
mixtures or combinations thereof, the e moles or any portion thereof of the second components can
be added to the first solution prior to or after heating, to the second solution if Bi is present or to the
resulting slurry prior to or after ﬁ'eating. Preferably, if the second component is cesium, then the
cesium is added to the first solution. The e moles or any portion of the second corﬁponents can also
be added after the solution is precipitated or after the precipitate or slurry is dried, but prior to
calcining. If the catalyst also includes f moles of a third component selected from the group
consisting of antimony (Sb), cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr),
cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), germanium (Ge),
gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti),
aluminum (Al), silicon (Si), tantalum (Ta), tungsten (W), lanthanum (La), and mixtures or
combinations thereof, then as with the e moles of the second components, the third components can
be added in any portion as set forth above for the second components. To change the pore size
distribution of the catalysts of this invention, a desired amount of an ammonium-containing
compound can be added to the first solution and/or the second solution. The ammonium-containing
compound is then out-gassed under controlled conditions during catalyst calcination to achieve a
desired pore size distribution, preferably a distribution high in medium pores. If Biis included in
the catalyst, the second solution can include an amount of nitric acid to produce a nitric acid to Mo,,
ratio having a value between about 0.1 to 1.0 to greater than 6.0 to 1.0. The solution or slurry is then
evaporated to form a dried pre-catalytic material, which is then calcined to form a catalyst of this
invention. As stated above, any portion of the second and third components can be added to the
dried pré-catalyst material prior to calcining to form the catalyst of this invention. Generally, a mole
ratio of the molybdenum-containing compound to the ammonium-containing compound (Mo:NH,)
is between about 0.0 to about 20.0 and between about 0.5 to about 20.0 for catalysts regardless of
the molybdenum to nitric acid mole ratio. Preferably, the mole ratio is between about 1.0 to about
15.0, and, particularly, the mole ratio is between about 2.0 to about 10.0. Alternatively, a mole ratio
of the ammonium-containing compounds to nitric acid (NH,:HNO,) is between about 0.0 and about

2.0 and between about 0.1 and about 2.0 for catalysts regardless of the molybdenum to nitric acid
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mole ratio, preferably, between about 0.2 and about 1.3, particularly, between about 0.4 and about
1.6, and more particularly, bétween about 0.6 and about 1.4 and especially, between about 0.6 and
about 1.2.

Methods for Producing Methacrylic Acid

[0041] The present invention also provides a method for preparing methacrylic acid including the
step of contacting an aldehyde feedstock with a catalyst of this invention to form methacrylic acid,
where the aldehyde feedstock comprises isobutanal or mixtures of isobutanal and methacrolein.

DETAILED DESCRIPTION OF THE INVENTION

[0042] The inventors have found that a novel, highly active catalyst for the conversion of an

aldehyde feedstock into methacrylic acid can be prepared including at least molybdenum (Mo),
phosphorus (P), vanadium (V), and a first component selected from the group consisting of bismuth
(Bi), boron (B) and mixtures or combinations thereof. The catalyst is adapted to convert an aldehyde
feedstock including isobutanal or mixtures of isobutanal and methacrolein into methacrylic acid.
Such a catalyst is ideally suited for use in the conversion of feedstock derived from plants that
produce methacrolein and/or produce isobutanal purposefully or as a by-product. Thus, the catalysts
of this invention are ideally suited for use in facilities that have a source of methacrolein and
isobutanal for the production of methacrylic acid. One such facility integrates a methacrylic acid
production component and 2-ethyl-hexanol production component as set forth in co-filed and co-
pending United States Patent Application having a Serial No. associated with Express Mail Label
No. ER 441453545 US or any other facility that produces isobutanal as an unwanted by-product.
[0043] The present invention broadly relates to novel, highly active, heteropolyacid catalysts
including at least molybdenum (Mo), phosphorus (P), vanadium (V), and a first component selected
from the group consisting of bismuth (Bi), boron (B) and mixtures or combinations thereof, where
the catalysts are capable of converting an aldehyde feedstock into methacrylic acid.

[0044] The present invention also broadly relates to a method for making such catalysts including
the steps of forming a liquid phase including at least molybdenum (Mo), phosphorus (P), and
vanadium (V), and a first component selected from the group consisting of bismuth (Bi), boron (B)
and mixtures or combinations thereof, where the liquid phase can be aqueous, aqueous/organic
mixtures, aqueous/non-aqueous mixtures, non-aqueous or organic. The term organic means a carbon
containing solvent, while the term non-aqueous means a non-aqueous solvent that does not contain

carbon. The mixture is then dried to form a pre-catalyst composition and then calcined to form a
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catalyst of this invention. If the catalyst does not include Bi, then the mixture is preferably a solid-
free solution prior to initiating precipitation. If the catalyst includes Bi, then Bi is first dissolved to
form a second solid-free solution, which is then added to the first solid-free solution of the other
ingredients to form a slurry. If the catalyst also includes the second and/or third components, then
these components can be added to the mixture, to either solution or to a dried material followed by
further drying, but prior to calcining. If the catalyst also includes an ammonium-containing
compound, then the dried catalyst is calcined under controlled conditions, where the conditions are
sufficient to allow for controlled out-gassing of the ammonium-containing compound to form a
desired pore size distribution, which preferably has a high concentration of medium pores.

[0045] The present invention also broadly relates to a process for making MAA including the step
of contacting an aldehyde feedstock with a catalyst of this invention under catalysis conditions
sufficient to convert a desired amount of the aldehydes in the aldehyde feedstock into MAA.

Suitable Reagents

[0046] Suitable compﬂounds used for preparation of the catalysts of this invention include, without
limitation, metal nitrates, metal carbonates, metal ammonium salts, metal halides, metal oxides, or
mixtures or combinations thereof.

[0047] Suitable molybdenum components include, without limitation, ammonium paramolybdate,
molybdenum trioxide, molybdenum chloride, efc. or mixtures or combinations thereof. The
preferred molybdenum component is ammonium paramolybdate.

[0048] Suitable vanadium components include, without limitation, ammonium metavanadate,
vanadium pentoxide, vanadium chloride, etc. or mixtures or combinations thereof. The preferred
vanadium component is ammonium metavanadate.

[0049] Suitable phosphorus components include, without limitation, phosphoric acid, ammonium
phosphite, efc. or mixtures or combinations thereof. The preferred phosphorus component is
phosphoric acid.

[0050] Suitable copper components include, without limitation, copper nitrate, copper chloride, etc.
or mixtures or combinations thereof. The preferred copper component is copper nitrate.

[0051] Suitable bismuth components include, without limitation, bismuth nitrate, bismuth oxide,
bismuth chloride, etc. or mixtures or combinations thereof., The preferred bismuth component is

bismuth nitrate.

Page 10



WO 2007/014206 PCT/US2006/028818

[0052] Suitable boron components include, without limitation, boric acid, boric acid salts, boric
oxide, borate esters (B(OH)X(OR)y, where x+y=3 and R is a alkyl group), other similar boron species
and mixtures or combinations thereof.

[0053] Suitable MII components include, without limitation, MII nitrates, MII oxides, MII
chlorides, etc. or mixtures or combinations thereof. The preferred MII components are MII nitrates
and MII oxides or mixtures or combinations thereof.

[0054] Suitable MIII componénts include, without limitation, MIII nitrates, MIII oxides, MIII
chlorides, efc. or mixtures or combinations thereof. The preferred MIII components are MIII
nitrates and MIII oxides or mixtures or combinations thereof.

[0055] Suitable ammonium-containing compounds for use in this invention include, without
limitation, any ammonium compound that undergoes thermal decomposition to volatile components.
Exemplary examples of such ammonium-containing compounds include, without limitation,
ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium bromide, ammonium
carbonate, ammonium acetate, ammonium formate, ammonium propionate, ammonium butionate,
other ammonium salts of carboxylic acids, or mixtures or combinations thereof.

Catalyst Preparation Aspects

[0056] With Bi free catalysts, the catalysts of this invention are generally.prepared by initiating
precipitation of a substantially precipitate free solution by means known in the art, e.g., heating
and/or solvent evaporation, where the solution includes appropriate concentrations of desired
catalytic components. While the solution preferably is substantiaily free of precipitates prior to
initiating precipitation, the solution can include varying degrees of precipitates during the preparation
procedure provided that the precipitates substantially dissolve prior to initiating precipitation. For
catalysts of this invention including Bi, a slurry is formed when a substantially solid-free Bi solution
is added to a substantially solid-free solution of other ingredients. Other ingredients can be added
to the slurry or to the solid after drying followed by further drying, but prior to calcination. The term
substantially solid-free means that the amount of precipitate present in the solution is less than 5
wt.%, preferably less than 2.5 wt.%, particularly less than 1 wt.% and especially less than 0.5 wt.%,
with the ultimate goal being completely solid-free or precipitate-free.

[0057] The present invention relates to improved catalysts for the oxidation of an aldehyde feedstock
comprising isobutanal or isobutanal-methacrolein mixtures. The catalyst of this invention can be

prepared from precursor solutions acidified with nitric acid in a nitric acid (HNO,) to Mo,, mole
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ratio of about 0.1 to greater than (>) about 6.0. That is, the catalyst can be made from solutions
_ including about 0.1 moles of nitric acid per mole of Mo, to greater than about 6.0 moles nitric acid
per mole of Mo,,. Preferably, the solutions also include a sufficient amount of an ammonium-
containing compound such as ammonium hydroxide to adjust the pH to a desired level and to
increase a concentration of medium pores in the final catalyst to a relatively high value. The term
"relatively high value" is a value of at least about 50% medium pores in one preferred embodiment,
a value of at least about 57% medium pores in another preferred embodiment and a value of at least
60% medium pores in another preferred embodiment. Once the pre-catalyst solution s prepared, the
components are precipitated as the temperature of the solution is raised and as water is evaporated
from the solution.

[0058] When Bi is present in the catalysts of this invention, the catalysts of this invention are
prepared using a solution of nitric acid (HNO;,) and ammonium hydroxide (NH,OH) to dissolve a
bismuth component such as bismuth nitrate (Bi(NO,),) or other bismuth salts or compounds, prior
to adding the bismuth component to a solution of other components to form a slurry. Again, the MII
and MIII components can be added in any portions to either solution or to the slurry either before,
during or after drying, but prior to calcination. Again, the ammonium hydroxide or other
ammonium-containing compound is added to the Bi solution in an amount sufficient to increase a
concentration of medium pores in the resulting pore size distribution to a relatively high value. The
catalysts of this invention generally have pore size distribution including between about 0.1% and
about 10.0% of émall pores and between about 55% and about 80% of medium pores, preferably,
the catalyst has a pore size distribution including between about 0.5% and about 7.5% of small pores
and between about 60% and about 75% of medium pores, and particularly, the catalyst has a pore
size distribution including between about 1.0% and about 5.0% of small pores and between about
60% and about 70% of medium pores.

[0059] The catalysts of this invention are rendered more or less active by a calcination procedure to
which they are subjected. The general calcination protocol is to calcine a dried catalyst at a
temperature and for a time sufficient to obtain a catalyst having a desired activity, generally
maximized activity, or to obtain a catalyst having the desired pore size distribution. Generally, the
calcination temperature is above about 350°C and the period of time is between about 2 hours and
about 24 hours; however, shorter and longer times can be used. Preferably, the calcination protocol

also includes a soak step at a soak temperature and for a soak time sufficient to out-gas volatile
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components and components that form volatile components at high temperature. Particularly
important components that produce volatile components during drying, soaking and calcining
include nitrates and ammonium salts. The inventors believe that although the amount of nitrate and
ammonium ions present in the dried composition is important for producing the desired pore size
distribution, the careful control of drying, soaking and calcining conditions is also important in
controlling the number of medium pores generated in the final catalyst. If the pre-calcined catalyst
is heated too fast, the volatile components have insufficient time to out-gas and the activity of the
resulting catalyst is reduced. Thus, by controlling catalyst drying, soaking and calcining, component
out-gassing can be substantially completed before the catalyst is subjected to its final calcination
temperature. The soak temperature is generally between about 180°C and about 250°C and the soak
period of time is between about 1 hour and about 8 hours; however, shorter and longer times can be
used. The soak step is designed to allow volatile components and éomponents that form volatile
components at high temperature to exit the catalyst gradually and not explosively or so rapidly that
the catalyst pore distribution is damaged (collapses or produces too many non-medium pores). In
laboratory protocols, the protocols include an initial temperature ramp of about 0.25 °C/min. to about
0.75°C/min. for aperiod of time sufficient to raise the temperature to a desired soak step temperature
and a final temperature ramp of about 0.25°C/min. to about 0.75°C/min for a period of time
sufficient to raise the temperature to a desired calcination step temperature. In commercial catalyst
protocols, however, the ramp rates are generally much higher as is well known in the art of
commercial catalyst preparation.

[0060] The catalyst of the present invention can be used without a carrier, or can be supported on
or diluted with an inert carrier. Suitable inert carriers include, without limitation, silicates, silicas,
aluminates, aluminas, silica-aluminas, silicon carbide, zirconias, titanias, magnesia, similar oxides
or mixtures or combinations thereof.

[0061] The catalysts of this invention are ideally suited for producing an unsaturated acid, pfeferably
a conjugated unsaturated acid such as methacrylic acid by gas-phase catalytic oxidation of a vapor
or vapor stream including an aldehyde feedstock such as isobutanal or mixtures of isobutanal and
methacrolein at a temperature, at a pressure and for a time sufficient to convert the aldehydes in the
aldehyde feedstock to methacrylic acid. The vapor stream used to contact the catalysts of the present
invention generally includes sufficient amount of aldehyde in the aldehyde feedstock that is

converted into an output stream containing a commercial quantity of methacrylic acid. Preferably,
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the vapor or vapor stream includes from about 1 vol.% to about 20 vol.% of aldehyde in the aldehyde
feedstock, and particularly, the vapor or vapor stream includes from about 3 to about 10 vol.% of
aldehyde in the aldehyde feedstock. Typically, an aldehyde feed for the preparation of methacrylic
acid may also contain large amounts of water and smaller amounts of impurities such as carbon
monoxide, carbon dioxide, acetone, acetic acid, acrolein, methacrylic acid, isobutylene and other
saturated and unsaturated hydrocarbons, lower saturated aldehydes, etc., but such impurities have
substantially no effect on the cofiversion of the aldehydes to unsaturated acids.
[0062] Although the gas-phase catalytic oxidation reaction of an aldehyde feed stock over a catalyst
of this invention can be economically performed in the presence of air, one class of preferred
oxidizing agents for use in this invention is oxygen-containing gases having a higher oxygen content
than air. Another preferred oxidizing agent for use in this invention is pure oxygen. An amount of
the oxidizing agent used in the conversion of the aldehyde feedstock to methacrylic acid is set
relative to a molar ratio of oxygen to aldehydes in the aldehyde feedstock. Generally, the molar ratio
has a value between about 0.3 and about 4.0, preferably, the ratio has a value between about 0.8 and
about 3.0. The oxidizing gas may be diluted with or contain an inert gas such as nitrogen, steam,
carbon dioxide, etc., recycled oxygen-containing gases or mixtures or combinations thereof.
[0063] In producing methacrylic acid using the catalysts of this invention, the oxidation is generally
carried out at a reaction pressure between sub-ambient and several atmospheres above ambient,
preferably, the pressure is near ambient or as low as practical. The oxidation reaction using the
catalysts of this invention is generally carried out at an elevated temperature, preferably, at a
temperature between about 230°C and about 450°C, particularly, at a temperature between about
250°C and about 400°C and more particularly, at a temperature between about 250°C and about
350°C. The oxidation reaction using the catalysts of this invention can be carried out using a variety
of reactor systems including a fixed bed reactor (a reactor having one or more fixed catalyst beds or
zones), a fluidized bed reactor (recycling catalyst in a gas entrained reaction environment), a moving
bed reactor (catalyst moves in and out of the catalyst zone(s)), a continuous stirred tank reactor or
any other reactor system geared for carrying out an oxidizing reaction such as the conversion of
isobutyraldehyde to methacrylic acid.

EXPERIMENTAL SECTION
GENERAL CONSIDERATIONS

[0064] The following examples illustrate the preparation, calcination and testing of specific catalytic

Page 14



WO 2007/014206 PCT/US2006/028818

formulations of this invention and of comparative catalysts. Example 1 illustrates the preparation
of a specific catalyst of this‘invention including both B and Bi, while Comparative Example 1
illustrates the preparation of a catalyst excluding B and Bi. Comparative Example 2 is a known
mixed metal oxide isobutanal oxidation catalyst, which converts isobutanal to methacrolein.
Comparative Example 3 is a commercially available heteropolyacid catalyst. Comparative
Example 2 and Comparative Example 3 are used to compare a catalyst of this invention for
converting a mixture of isobutanal and methacrolein to methacrylic acid. The examples also include
performance data for catalysts of this invention and the comparative examples.

CATALYSTS PREPARATION

Example 1

m following example illustrates the preparation of a 50 g batch of a catalyst of this
invention having the following formula MonP,,SVO.SCu(,JBio_SSbo.sCsLOBO.SOE.
[0066] 46.49g of ammonium paramolybdate were added to 200 mL of de-ionized (DI) water atroom
temperature. 1.28g of ammonium metavanadate were added to the above solution with mixing at
room temperature. The mixture was stirred at room temperature until all particles were dissolved
to produce an MoV solution. 4.28g of cesium nitrate were then added to 25 mL of DI water, and the
resulting solution was added to the MoV solution with mixing to form an MoVCs solution. 3.80¢g
of phosphoric acid were then dissolved in 6 mL of DI water and the resulting solution was added to
» the MoV Cs solution with mixing to form an MoVCsP solution. 0.51 g of copper nitrate were added
to SmL of DI water and the resulting solution was added to the MoV CsP solution with mixing to
form an MoVCsPCu solution. 11.32g of nitric acid were added to 30 grams of DI water, then 7 mL
of ammonium hydroxide (28 wt.% solution) were added to the nitric acid solution and then 5.32g
of bismuth nitrate were added to the nitric acid/ammonium hydroxide solution with mixing and the
mixture was stirred until the bismuth nitrate went into solution to form a Bi solution. The Bi
solution was then added to the MoVCsPCu solution with mixing forming an MoV CsPCuBi slurry.
The Bi solution causes a precipitation of the components as it is added to the MoVCsPCu solution
or as the MoVCsPCu solution is added to the Bi solution. The resulting MoV CsPCuBi slurry was
then heated to 95°C and then 2.56g of antimony trioxide and 0.68g of boric acid were added to the
MoVCsPCuBi slurry with mixing to form an MoVCsPCuBiSbB slurry.
{0067] The MoVCsPCuBiSbB slurry was then evaporated at about 100°C to form an evaporated

mixture. The evaporated mixture was then dried at about 130°C for about 16 hours and sieved to
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obtain particles having a size between about 20 and 30 mesh. The particles were then heated to a
soak temperature of 230°C at a rate of 0.5°C/min and held at the soak temperature for 3 hours in air.
The particles were then heated to a calcination temperature of 380°C at arate of 0.5°C/min. and held
at the calcination temperature for 5 hours in air to form the Mo,,P, ;V,sCu,,Bi, 55D 5C8,0By 50,
catalyst.

Comparative Example 1

[0068] This example illustrates'the preparation of a 50 g batch of a catalyst of this invention having
the composition Mo,,P, sV, sCu, ;SbysCs,,O,.

[0069] 46.49 g of ammonium paramolybdate were added to 200 mL of de-ionized (DI) water atAroom
temperature. 1.28 g of ammonium metavanadate were added to above solution. The mixture was
stirred at room temperature until all particles were dissolved. 4.28 g of cesium nitrate were added
to 25 mL of DI water, and the solution was added to above mixture. 3.80 g of phosphoric acid were
dissolved in 6 mL of DI water and the solution obtainéd was added to above mixture. 0.51 g of
copper nitrate were added to 5 mL of DI water and solution obtained was added into the above
mixture. 11.32 g of nitric acid were added to 30 g of DI water, then 7 mL of a 28 wt.% solution of
NH,OH were added into this solution, and the solution obtained was added to the above mixture.
The temperature of the mixture was increased to 95°C. Then, 2.56 g of antimony trioxide were
added to the above mixture. The mixture was evaporated at 100°C, dried at 130°C for 16 hours, and
sieved to obtain 20-30 mesh particles. The particles were then heated to a soak temperature of
230°C at a rate of 0.5°C/min and held at the soak temperature for 3 hours in air. The particles were
then heated to a calcination temperature of 380°C at a rate of 0.5°C/min. and held at the calcination
temperature for 5 hours in air.

CATALYST PERFORMANCE DATA

[0070] 6 cc of the Example 1 catalyst was loaded into a fixed bed reactor and diluted with 9 cc of
quartz chips. The catalyst was tested with a vapor stream having the following composition: 4 vol.%
isobutyraldehyde (IBA), 30 vol.% steam with the balance being nitrogen and having two different
oxygen to IBA mole ratios (O,/HC), where the oxygen-containing gas was air. By varying reaction
temperature and vapor stream flow rate, conversion and selectivity data were obtained under a
variety of conditions. The resulting effluent stream was analyzed by gas chromatography (GC).
[0071] To understand the following results, the following definitions are set forth:
% conversion = [(IBA,; -~ IBA;)/IBA,]*100
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% MAA selectivity = [(MAA)/(IBA; - IBA)]*100

% MAC selectivity = [(MAC)/(IBA, - IBA,)]*100.
[0072] To determine the amount of IBA remaining after the reaction, the products were trapped in
a Dewar flask at 0°C. Analysis of the liquid collected did not show any trace of IBA. Based on the
accuracy of a GC flame ionization detector (FID), the conversion of IBA was estimated to be greater
than about 99.95%. N
[0073] The catalytic results are\éhown in Table 1.

TABLEI
IBA Conversion Performance of the Catalyst of Example 1
Flow Rate T O,/HC IBA MAC MAA Total
(sccm) O Conversion | Selectivity Selectivity | Selectivity
(%) (%) (%) (%e)
100 280 2.0 100 304 53.4 83.8
75 281 2.0 100 15.5 65.1 80.6
64 282 2.0 100 13.6 62.9 76.5
57 282 2.0 100 7.5 67.9 754
50 281 2.0 100 591 . 66.7 72.6
100 283 24 100 287]  s4d 83.1
75 282 24 100 15.9 63.2 79.1
64 282 24 100 12.6 64.5 77.1
57 282 2.4 100 7.8 - 66.9 74.7
50 282 24 100 5.6 67.7 73.3

[0074] Total isobutyraldehyde conversion and around 80% combined methacrolein and methacrylic
acid selectivity was obtained with the catalyst of Example 1. Changes in a mole ratio (O,:HC) of
oxygen (O,) to hydrocarbon (HC) had little effect on reaction results.

[0075] The catalyst of Example 1 was also tested for the oxidation of methacrolein. The testing
conditions were the same as those described above, except that 4 vol.% of methacrolein was fed

instead of the 4 vol.% of IBA. The data obtained are tabulated in Table II.

Page 17



WO 2007/014206 PCT/US2006/028818
TABLE II
MAC Conversion Performance of the Catalyst of Example 1
Flow Rate T O,/HC MAC MAA
(sccm) (8} Conversion Selectivity
(%) (%)
100 278 2.0 78.4 85.2
75 279 2.0 87.4 82.0
64 278 2.0 94.0 80.5

The error in the conversion data is about £3%.

76] The data indicate that the same reaction conditions (reaction temperature and
'gen/hydrocarbon mole ratio) can be used for the oxidation of isobutanal and methacrolein or
‘tures or combinations thereof to product methacrylic acid. Thus, the catalysts of this invention

be used to produce methacrylic acid from a stream containing isobutanal or isobutanal-
‘hacrolein mixtures. Generally, the compositional ranges for the aldehyde feedstock for use with

catalysts of this invention range between about 5 wt.% isobutanal and about 95 wt.%
hacrolein to about 95 wt.% isobutanal and about 5 wt.% methacrolein. Another preferred
iture of aldehydes has a composition ranging between about 10 wt.% isobutanal and about 90
Yo methacrolein to about 90”wt.% isobutanal and about 10 wt.% methacrolein. Another preferred
iture of aldehydes has a composition ranging between about 15 wt.% isobutanal and about 85
Yo methacrolein to about 85 wt.% isobutanal and about 15 wt.% methacrolein. Another preferred
iture of aldehydes has a composition ranging between about 20 wt.% isobutanal and about 80
Yo methacrolein to about 80 wt.% isobutanal and about 20 wt.% methacrolein. Another preferred
iture of aldehydes has a composition ranging between about 25 wt.% isobutanal and about 75
Yo methacrolein to about 75 wt.% isobutanal and about 25 wt.% methacrolein. Another preferred
iture of aldehydes has a composition ranging between about 30 wt.% isobutanal and about 70
Yo methacrolein to about 70 wt.% isobutanal and about 30 wt.% methacrolein. Another preferred
iture of aldehydes has a composition ranging between about 35 wt.% isobutanal and about 65
Yo methacrolein to about 65 wt.% isobutanal and about 35 wt.% methacrolein. Another preferred
iture of aldehydes has a composition ranging between about 40 wt.% isobutanal and about 60
Yo methacrolein to about 60 wt.% isobutanal and about 40 wt.% methacrolein. Another preferred

iture of aldehydes has a composition ranging between about 45 wt.% isobutanal and about 55
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wt.% methacrolein to about 55 wt.% isobutanal and about 45 wt.% methacrolein. Another preferred
mixture of aldehydes has a composition ranging between about 50 wt.% isobutanal and about 50
wt.% methacrolein. The term "about", in the context of this invention, means £2.5 wt.%. Of course,
depending on starting material availability (IBA and MAC), the actual composition of the stream can
actually be any composition within the ranges set forth above.

Reaction And Results

[0077] 6 cc of the catalysts of E;(ample 1 and Comparative Example 1 were loaded in a fixed bed
reactor and diluted with 9 cc of quartz chips. Each catalyst was tested using a feed including 4%
IBA and 30% steam with the balance being nitrogen in the presence of oxygen at an oxygen to IBA
mole ratio of 2 (O,/HC). The products were analyzed by GC. Because IBA is converted to MAA
in a two step process going through MAC, the IBA conversion data includes a MAC conversion
component as shown in Table III.

[0078] To determine the amount of IBA remaining after the reaction, the products were trapped in
a Dewar at 0°C. Analysis of the liquid collected did not show any trace of IBA. Based on the
accuracy of a GC flame ionization detector (FID), the conversion of IBA was estimated to be greater
than about 99.95%. '

[0079] The catalyst activities and selectivities for catalysts of Example 1 and Comparative
Example 1 obtained under the same reaction temperature (281°C) are tabulated in TABLE I1I:

TABLE III
Comparison between Example 1 and Comparative Example 1

Catalyst Flow rate IBA MAC MAA
(sccm) conversion | conversion | selectivity
(%) (%) (%)

Example 1 100 100 | ° 74.7 83.6
75 100 84.3 78.6

50 100 94.0 71.7

Comparative 100 100 48.4 82.6
Example 1 75 100 69.9 78.2
50 100 74.7 75.3

[080] It can be seen that at the same reaction condition, the catalyst of Example 1 showed higher
conversion of methacrolein than the catalyst of Comparative Example 1, and at the same reaction
conversion, the catalyst of Example 1 had higher selectivity than the catalyst of Comparative

Example 1. Thus, for isobutyradehyde oxidation, the data clearly indicate that catalysts including
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Bi and B show better performance than catalyst without Bi and B.

Comparative Example 2

[0081] This example illustrates the preparation ofa catalyst according to Example 1 of United States
Patent No. 4,381,411.

[0082] 40.40 g of Fe(NO,),, 13.59g of AgNO, and 21.22g of 85% H,PO, were dissolved in 100 mL
of water. The resulting solution was evaporated to a dry paste with heating and stirring. Then, after
drying and calcining, a catalyst \;'ith composition of Ag,;FeP, ,,0, was obtained.

Comparative Example 3

[0083] A sample of the commercially available heteropolyacid catalyst (NH,),;PMoO,.
Reaction And Results )

[0084] 6 cc of each of the catalysts of Example 1 and Comparative Example 2 and Comparative
Example 3 was loaded in é fixed bed reactor and diluted with 9 cc of quartz chips. Each catalyst
was tested with a feed of 2% IBA, 2% of MAC, 30% steam with the balance being nitrogen in the
presence of oxygen at an oxygen to hydrocarbon mole ratio (O,/HC) of 2. The oxidation reactions
were carried out at a reaction temperature 0f 284°C and at a feed flow rate of 50 sccm. The products
were analyzed by GC.

[008S] To determine the isobutyraldehyde left in the products;products after the reaction were
trapped in a Dewar at 0°C. Analysis of the liquid collected did nmot show any trace of
isobutyraldehyde. Based on the accuracy of GC detector (FID), the conversion of isobutanal is at
least higher than 99.95%.

[0086] The reaction results obtained using the catalysts of Example i, Comparative Example 2
and Comparative Example 3 to convert a 50-50 mixture of IBA and MAC to MAA are tabulated
in Table IV.

TABLE IV
Conversion and Selectivity Data for Using IBA/MAC Mixed Feeds
Catalyst IBA Conversion | MAC Conversion Selectivity | One pass yield
’ (%) (%) (%) (%)
Example 1 100.0 93.0 83.1 713
Comp. Example 2 100.0 <30 <30 <10
Comp. Examiple 3 100.0 <20 <20 <5

MAC Conversion is defined analogously to the definition of IBA Conversion
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[0087] This data clearly indicate that the catalysts of this invention work for mixtures of IBA and
MAC, while the comparativé catalysts show much lower performance.

[0088] All references cited herein are incorporated by reference. While this invention has been
described fully and completely, it should be understood that, within the scope of the appended
claims, the invention may be practiced otherwise than as specifically described. Although the
invention has been disclosed with reference to its preferred embodiments, from reading this
description those of skill in the art may appreciate changes and modification that may be made which

do not depart from the scope and spirit of the invention as described above and claimed hereafter.
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CLAIMS

We claim:

1. A method comprising the step of:

contacting an aldehyde feedstock and an oxidizing agent in the presence of a heteropolyacid
catalyst composition comprising at least molybdenum (Mo), phosphorus (P), vanadium (V), and a
first component selected from \"ﬁche group consisting of bismuth (Bi), boron (B) and mixtures or

combinations thereof to form methacrylic acid.

2. The method of claim 1, wherein the aldehyde feedstock comprises isobutanal or a mixture

of isobutanal and methacrolein.

3. The method of claim 1, further comprising a second component selected from the group
consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (T1), and mixtures or

combinations thereof.

4. The method of claim 3, further comprising a third component selected from the group
consisting of antimony (Sb), cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr),
arsenic (As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium
(Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta),

tungsten (W), lanthanum (La), and mixtures or combinations thereof.

5. The method of claim 1, further comprising a second component selected from the group
consisting of potassium (K), rubidium (Rb), cesium (Cs), thallium (T1), and mixtures or
combinations thereof and a third component selected from the group consisting of antimony (Sb),
cerium (Ce), niobium (Nb), indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni),
manganese (Mn), arsenic (As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr),
magnesium (Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti), aluminum (AD), silicon (Si),

tantalum (Ta), tungsten (W), lanthanum (La), and mixtures or combinations thereof.

6. The method of claim 1, wherein the first component comprises bismuth and boron.
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7. The method of claim 1, wherein the heteropolyacid catalyst is prepared using an effective
amount of an ammonium-containing compound, where the effective amount of the ammonium-
containing compound is sufficient to produce a heteropolyacid catalyst having a pore size

distribution including a relatively high percentage of medium size pores.

8. The method of claim 7, wherein the relatively high perceﬁtage of medium pores is a value

greater than or equal to 50%.

9. The method of claim 8, wherein the relatively high percentage of medium pores is a value

greater than or equal to 55%.

10.  The method of claim 9, wherein the relatively high percentage of medium pores is a value

greater than or equal to 60%.

11. The method of claim 7, wherein the ammonium-containing compound is selected from the
group consisting of any ammonium compound that undergoes thermal decomposition to volatile

components.

12. The method of claim 11, wherein the ammonium-containing compound is selected from the
group consisting of ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium
bromide, ammonium carbonate, ammonium salts of carboxylic acids, and mixtures or combinations

thereof.

I13. The method of claim 12, wherein the ammonium salts of carboxylic acids are selected from
the group consisting of ammonium acetate, ammonium formate, ammonium propionate, ammonium

butionate, and mixtures or combinations thereof,

14, A method comprising the step of:
contacting an aldehyde feedstock and an oxidizing agent in the presence of a heteropolyacid

catalyst composition to form methacrylic acid, where the heteropolyacid catalyst composition
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comprises a compound having the general formula:

where:

15.

Mo,,P,V,Cu,MI,MIIMIILO, @

MI is selected from the group consisting of bismuth (Bi), boron (B) and mixtures or
combinations thereof,

MII is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),
thallium (T1), and mixtutes or combinations thereof,

MIII is selected from the group consisting of antimony (Sb), cerium (Ce), niobium (Nb),
indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic
(As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium
(Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum
(Ta), tungsten (W), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.1 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

¢ is a number having a value between about 0.0 and about 1.5,

d is a number having a value between about 0.01 and about 2.0 when M1 is Bi, or a value
between about 0.01 and about 5.0 when MI is B, and when MI is both Bi and B, then d
includes between about 0.01 and about 2.0 of Bi and between about 0.01 and about 5.0 of
B,

e is a number having a value between al;out 0.0 and about 5.0,

f is 2 number having a value between about 0.0 and about 5.0, and

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the heteropolyacid catalyst of formula (I).

The method of claim 14, wherein the aldehyde feedstock comprises isobutanal or a mixture

of isobutanal and methacrolein.

16.

17.

The method of claim 14, wherein the MI comprises a mixture of bismuth and boron.

The method of claim 14, wherein the heteropolyacid catalyst is prepared using an effective

amount of an ammonium-containing compound, where the effective amount of the ammonium-
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containing compound is sufficient to produce a heteropolyacid catalyst having a pore size

distribution including a relatively high percentage of medium size pores.

18.  The method of claim 17, wherein the relatively high percentage of medium pores is a value

greater than or equal to 50%.

19.  The method of claim 18, wherein the relatively high percentage of medium pores is a value

greater than or equal to 55%.

20.  The method of claim 19, wherein the relatively high percentage of medium pores is a value

greater than or equal to 60%.

21.  The method of claim 17, wherein the ammonium-containing compound is selected from the
group consisting of any ammonium compound that undergoes thermal decomposition to volatile

components.

22. The method of claim 17, wherein the ammonium-containing compound is selected from the
group consisting of ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium
bromide, ammonium carbonate, ammonium salts of carboxylic acids, and mixtures or combinations

thereof.

23.  The method of claim 22, wherein the ammonium salts of carboxylic acids are selected from
the group consisting of ammonium acetate, ammonium formate, ammonium propionate, ammonium

butionate, and mixtures or combinations thereof.

24. A method comprising the step of:

contacting an aldehyde feedstock and an oxidizing égent in the presence of a heteropolyac;q

catalyst composition to form methacrylic acid, where the heteropolyacid catalyst composition
comprises a compound having the general formula:
Mo,,P.V,CuBi; MII MIILO, (I

where:
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MII is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),
thallium (T1), and mixtures 6r combinations thereof,

MIIJ is selected from the group consisting of antimony (Sb), cerium (Ce), niobium (Nb),
indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic (As), silver
(Ag), zinc(Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium (Mg), barium (Ba), lead
(Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum (Ta), tungsten (W), lanthanum
(La), and mixtures or combinatibns thereof, ‘

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

¢ is a number having a value between about 0.0 and about 1.5,

d1 is a number having a value between about 0.01 and about 2.0,

e is a number having a value between about 0.0 and about 5.0,

f is a number having a value between about 0.0 and about 5.0,

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the heteropolyacid catalyst of formula (II).

25.  The method of claim 24, wherein the aldehyde feedstock comprises isobutanal or a mixture

of isobutanal and methacrolein.

26.  The method of claim 24, wherein the-heteropolyacid catalyst is prepared using an effective
amount of an ammonium-containing compound, where the effective amount of the ammonium-
containing compound is sufficient to produce a heteropolyacid catalyst having a pore size

distribution including a relatively high percentage of medium size pores.

27.  The method of claim 26, wherein the relatively high percentage of medium pores is a value

greater than or equal to 50%.

28.  The method of claim 27, wherein the relatively high percentage of medium pores is a value

greater than or equal to 55%.

29.  The method of claim 28, wherein the relatively high percentage of medium pores is a value
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greater than or equal to 60%.

30.  The method of claim 26, wherein the ammonium-containing compound is selected from the
group consisting of any ammonium compound that undergoes thermal decomposition to volatile

components.

31.  The method of claim 26,'wherein the ammonium-containing compound is selected from the
group consisting of ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium
bromide, ammonium carbonate, ammonium salts of carboxylic acids, and mixtures or combinations

thereof.

32.  The method of claim 31, wherein the ammonium salts of carboxylic acids are selected from
the group consisting of ammonium acetate, ammonium formate, ammonium propionate, ammonium

butionate, and mixtures or combinations thereof.

33. A method comprising the step of:

contacting an aldehyde feedstock and an oxidizing agent in the presence of a heteropolyacid
catalyst composition to form methacrylic acid, where the heteropolyacid catalyst composition
comprises a compound having the general formula:

Mo,,P,V,Cu B,,MILMIII,O, (IIm)

where:

MII is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (T1), and mixtures or combinations thereof,

MIII is selected from the group consisting of antimony (Sb), cerium (Ce), niobium (Nb),

indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic _

(As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium

(Mg), barium (Ba), lead (Pb), tin (Sn), titanium (Ti), aluminum (Al), silicon (Si), tantalum

(Ta), tungsten (W), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

¢ is a number having a value between about 0.0 and about 1.5,
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d2 is a number having a value between about 0.01 and about 5.0,

e is a number having a value between about 0.0 and about 5.0,

f is a number having a value between about 0.0 and about 5.0, and

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the heteropolyacid catalyst of formula (III).

34.  The method of claim 33, wherein the aldehyde feedstock comprises isobutanal or a mixture

of isobutanal and methacrolein.

35.  The method of claim 33, wherein the heteropolyacid catalyst is prepared using an effective
amount of an ammonium-containing compound, where the effective amount of the ammonium-
containing compound is sufficient to produce a heteropolyacid catalyst having a pore size

distribution including a relatively high percentage of medium size pores.

36.  The method of claim 35, wherein the relatively high percentage of medium pores is a value

greater than or equal to 50%.

37.  The method of claim 36, wherein the relatively high percentage of medium pores is a value

greater than or equal to 55%.

38.  The method of claim 37, wherein the relatively high percentage of medium pores is a value

greater than or equal to 60%.

39.  The method of claim 35, wherein the ammonium-containing compound is selected from the
group consisting of any ammonium compound that undergoes thermal decomposition to volatile

components.

40.  The method of claim 35, wherein the ammonium-containing compound is selected from the
group consisting of ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium
bromide, ammonium carbonate, ammonium salts of carboxylic acids, and mixtures or combinations

thereof.
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41.  The method of claim 40, wherein the ammonium salts of carboxylic acids are selected from
the group consisting of ammonium acetate, ammonium formate, ammonium propionate, ammonium

butionate, and mixtures or combinations thereof.

42. A method comprising the step of:

contacting an aldehyde feedstock and an oxidizing agent in the presence of a heteropolyacid
catalyst composition to form methacrylic acid, where the heteropolyacid cétalyst composition
comprises a compound having the general formula:

Mo,,P,V,Cu Bi,B,,MII.MIIIO, av)

where:

MII is selected from the group consisting of potassium (K), rubidium (Rb), cesium (Cs),

thallium (T1), and mixtures or combinations thereof,

MIII is selected from the group consisting of antimony (Sb), cerium (Ce), niobium (Nb),

indium (In), iron (Fe), chromium (Cr), cobalt (Co), nickel (Ni), manganese (Mn), arsenic

(As), silver (Ag), zinc (Zn), germanium (Ge), gallium (Ga), zirconium (Zr), magnesium

(Mg), barium (Ba), lead (Pb), tin (Sn), titanium (T1i), aluminum (Al), silicon (Si), tantalum

(Ta), tungsten (W), lanthanum (La), and mixtures or combinations thereof,

a is a number having a value between about 0.5 and about 3.5,

b is a number having a value between about 0.01 and about 5.0,

¢ is a number having a value between about 0.0 and about 1.5,

d1 is a number having a value between about 0.01 and about 2.0,

d2 is a number having a value between about 0.01 and about 5.0,

‘e is a number having a value between about 0.0 and about 5.0,

f is a number having a value between about 0.0 and about 5.0, and

g is a number having a value representing a sufficient number of oxygen atoms to balance

the oxidation state of the heteropolyacid catalyst of formula (IV).

43.  The method of claim 42, wherein the aldehyde feedstock comprises isobutanal or a mixture

of isobutanal and methacrolein.
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44.  The method of claim 42, wherein the heteropolyacid catalyst is prepared using an effective
amount of an ammonium-containing compound, where the effective amount of the ammonium-
containing compound is sufficient to produce a heteropolyacid catalyst having a pore size

distribution including a relatively high percentage of medium size pores.

45.  The method of claim 44, wherein the relatively high percentage of medium pores is a value

greater than or equal to 50%.

46.  The method of claim 45, wherein the relatively high percentage of medium pores is a value

greater than or equal to 55%.

47.  The method of claim 46, wherein the relatively high percentage of medium pores is a value

greater than or equal to 60%.

48.  The method of claim 44, wherein the ammonium-containing compound is selected from the
group consisting of any ammonium compound that undergoes thermal decomposition to volatile

components.

49. . The method of claim 44, wherein the ammonium-containing compound is selected from the
group consisting of ammonium hydroxide, ammonium nitrate, ammonium chloride, ammonium
bromide, ammonium carbonate, ammonium salts of carboxylic acids, and mixtures or combinations

thereof,

50.  The method of claim 49, wherein the ammonium salts of carboxylic acids are selected from
the group consisting of ammonium acetate, ammonium formate, ammonium propionate, ammonium

butionate, and mixtures or combinations thereof.
51.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal

and methacrolein ranging from about 5 wt.% isobutanal and about 95 wt.% methacrolein to from

about 95 wt.% isobutanal and about 5 wt.% methacrolein.
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52. The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 10 wt.% isobutanal and about 90 wt.% methacrolein to about

90 wt.% isobutanal and about 10 wt.% methacrolein.

53.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 15 wt.% isobutanal and about 85 wt.% methacrolein to about

85 wt.% isobutanal and about IS wt.% methacrolein.

54.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 20 wt.% isobutanal and about 80 wt.% methacrolein to about

80 wt.% isobutanal and about 20 wt.% methacrolein.

55.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 25 wt.% isobutanal and about 75 wt.% methacrolein to about

75 wt.% isobutanal and about 25 wt.% methacrolein.

56.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 30 wt.% isobutanal and about 70 wt.% methacrolein to about

70 wt.% isobutanal and about 30 wt.% methacrolein.

57.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal -
and methacrolein ranging from about 35 wt.% isobutanal and about 65 wt.% methacrolein to about

65 wt.% isobutanal and about 35 wt.% methacrolein.

58.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 40 wt.% isobutanal and about 60 wt.% methacrolein to about

60 wt.% isobutanal and about 40 wt.% methacrolein.

59.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 45 wt.% isobutanal and about 55 wt.% methacrolein to about

55 wt.% isobutanal and about 45 wt.% methacrolein.
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60.  The methods of claim 1, wherein the aldehyde feedstock comprises a mixture of isobutanal

and methacrolein ranging from about 50 wt.% isobutanal and about 50 wt.% methacrolein .

61.  Themethods of claim 14, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 5 wt.% isobutanal and about 95 wt.% methacrolein to from

about 95 wt.% isobutanal and about 5 wt.% methacrolein.

62. The methods of claim 14, wherein the aldehyde feedstock comprises a mixture of isobutanal

and methacrolein ranging from about 50 wt.% isobutanal and about 50 wt.% methacrolein .

63.  The methods of claim 24, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 5 wt.% isobutanal and about 95 wt.% methacrolein to from

about 95 wt.% isobutanal and about 5 wt.% methacrolein.

64.  The methods of claim 24, wherein the aldehyde feedstock comprises a mixture of isobutanal

and methacrolein ranging from about 50 wt.% isobutanal and about 50 wt.% methacrolein .

65.  The methods of claim 33, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 5 wt.% isobutanal and about 95 wt.% methacrolein to from

about 95 wt.% isobutanal and about 5 wt.% methacrolein.

66.  The methods of claim 33, wherein the aldehyde feedstock comprises a mixture of isobutanal

and methacrolein ranging from about 50 wt.% isobutanal and about 50 wt.% methacrolein .

67. The methods of claim 42, wherein the aldehyde feedstock comprises a mixture of isobutanal
and methacrolein ranging from about 5 wt.% isobutanal and about §5 wt.% methacrolein to from

about 95 wt.% isobutanal and about 5 wt.% methacrolein.

68.  The methods of claim 42, wherein the aldehyde feedstock comprises a mixture of isobutanal

and methacrolein ranging from about 50 wt.% isobutanal and about 50 wt.% methacrolein .
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